Introduction
The erbB family of tyrosine kinase receptors includes EGFR (HER-1/erbB-1), erbB-2 (HER-2), erbB-3 (HER-3) and erbB-4 (HER-4). These receptors are characterized by a broad signaling diversity attributed to their propensity to form a speci®c network of heterodimers upon ligand stimulation. They have been implicated in the regulation of various physiological processes including cell cycle, cell dierentiation, cell ± cell interaction, cytokine signaling, and stress response (reviewed in Riese and Stern, 1998; Alroy and Yarden, 1997) .
Dysregulation of these receptors is commonly found in various types of human cancers including lung, breast, ovary, prostate, gastric, bladder and kidney carcinomas, as well as in osteosarcomas and neuroblastomas (reviewed in Dougall et al., 1994) . Several clinical studies have reported that overexpression of the erbB receptors, particularly erbB-2, predicts poor prognosis (reviewed in Dougall et al., 1994) . Although the molecular mechanism(s) by which erbB-2 aects clinical prognosis has yet to be established, there is experimental evidence indicating that overexpression of the erbB-2 receptor can confer a cell growth advantage and enhance metastatic potential (Yu et al., 1994; Tan et al., 1997) . The worsened prognosis associated with tumors overexpressing erbB receptors has been attributed to dysregulation of growth factor-mediated paracrine loops, particularly in relation to tumor angiogenesis (reviewed in Pluda, 1997) . This hypothesis was based on the observation that EGF, the ligand for the erbB member EGFR, upregulates vascular endothelial growth factor (VEGF) (Tsai et al., 1995; Enholm et al., 1997) , while neutralizing antibodies against EGFR and erbB-2 receptors resulted in downregulation of VEGF and tumor growth inhibition (Perrotte et al., 1999; Viloria-Petit et al., 1997) .
Accumulating evidence supports an association between angiogenesis and the processes of tumor invasion and metastasis (Pluda, 1997) . Several angiogenic factors and their receptors have been identi®ed as important mediators for angiogenesis. These include VEGF (Ferrara et al., 1991; Plate et al., 1992) , VEGFrelated protein (vrp) (Lee et al., 1996) , VEGF-B, -C, -D and -E (Meyer et al., 1999; Yamada et al., 1997; Olofsson et al., 1996; Joukov et al., 1996) , the placenta growth factor (PlGF) (Maglione et al., 1991) , and basic and acidic ®broblast growth factor (Friesel and Maciag, 1995) . Among these angiogenic factors, VEGF has been shown to be a principal tumor angiogenic factor, and play a role in several endothelial-speci®c functions . It is a potent angiogenic factor that can stimulate endothelial cellmitogenesis . Excessive production of VEGF can occur from tumor cells as well as the in®ltrating immune cells that penetrate solid tumors. In several studies, overexpression of VEGF has been detected in tumor cells (Plate et al., 1992; Rossler et al., 1999; Brown et al., 1997) , and was associated with high metastatic potential (Balbay et al., 1999; Pluda, 1997; . Additionally, inhibition of VEGF signaling has been shown to impair tumor growth (Im et al., 1999; Cheng et al. 1996; Lin et al., 1998) and suppress tumor metastasis (Rofstad and Danielsen, 1999; Melnyk et al., 1999; Skobe et al., 1997) . (Jingjing et al., 1999; Whittle et al., 1999; Poltorak et al., 1997; Tischer et al., 1989; Ferrara et al., 1991) . VEGF 189 and VEGF 206 isoforms were shown to be associated with heparin-containing proteoglycans on the cell surface or extracellular matrix, while VEGF 121 , VEGF 145 and VEGF 165 are soluble secretory proteins (Park et al., 1993) . VEGF is secreted as disul®de-linked homodimers of approximately 46 kDa which bind to at least two receptortyrosine kinases, the fms-like tyrosine kinase VEGFR-1 (¯t-1) and VEGFR-2 (¯k-1/KDR) which are speci®-cally expressed in tumor endothelial cells (Matthews et al., 1991; de Vries et al., 1992; Terman et al., 1992; Brown et al. 1997; Dvorak et al., 1995; Pluda, 1997) , supporting a paracrine mechanism of tumor angiogenesis. Both VEGFR-1 and VEGFR-2 were shown to be phosphorylated in endothelial cells upon ligand stimulation (Waltenberger et al., 1994) .
Several oncogenes, growth factors, hormones and hypoxia have been shown to upregulate angiogenic factors including VEGF, also called vascular permeability factor or vasculotropin (reviewed in Claey and Robinson, 1996) . However, there is no data regarding VEGF regulation by the erbB-3 and erbB-4 ligand, heregulin. Given the wide biological diversity and the implication of erbB signaling following stimulation by heregulin, we examined the regulation of the VEGF secretory isoform, VEGF 165 , in relation to the level of erbB-2. In this study, we report the ®rst evidence that heregulin b1 (HRG) stimulates VEGF expression in cancer cells but not in normal primary cells established from breast and bronchial tissues. This stimulation results in endothelial cell proliferation and increased angiogenesis. Our study also supports a contribution of erbB-2 in heregulin-mediated VEGF regulation in cancer cells.
Results
Stimulation of receptor phosphorylation in cell lines expressing erbB-2 Figure 1 shows the basal level of expression of erbB-2 in the cell lines used in this study. As indicated in Figure 1a , the human breast adenocarcinoma cell line SKBR3 and the Non-Small Cell Lung Cancer (NSCLC) cell lines H322 and H661 constitutively overexpress erbB-2 which is autophosphorylated (Figure 1b) . Addition of HRG leads to erbB-2 activation, as evidenced by further enhancement of the level of receptor tyrosine phosphorylation ( Figure 1b) .
Next, we looked at cell lines that normally express low levels of erbB-2, and the same cells engineered to overexpress erbB-2 (Figure 1c ). The level of erbB-2 receptor expression in control and transfected cells is shown in Figure 1c , and its phosphorylation status, in the absence and presence of HRG, is shown in Figure 1d . Treatment with HRG resulted in enhanced receptor tyrosine phosphorylation in the erbB-2 transfectants. The phosphorylation status of B2BN1 and B2BE6 cells was reported earlier (You et al., 1998; Noguchi et al., 1993) . Figure 1c also shows the expression of erbB-2 in the control T47D-puro and the T47D-5R cells stably expressing an ectopic single chain monoclonal antibody to erbB-2, which abrogates the expression of erbB-2 on the cell surface (Beerli et al., 1994) . This is re¯ected by the fast electrophoretic migration of erbB-2 because of its retention in the endoplasmic reticulum, in agreement Figure 1 Expression and phosphorylation of the erbB-2 receptor in the cell lines used in this study. Cell extracts were collected from subcon¯uent cells, unstimulated or stimulated with 100 ng/ ml HRG, and then subjected to Western blot analysis to detect erbB-2 (a and c, upper panels). Western blot analysis of cell lines with constitutive overexpression of erbB-2 (SKBR3, H661 and H322) (a), erbB-2 transfectants (c), and T47D-puro and T47D-5R (c). Blots were stripped and subsequently reprobed with anti-GAPDH. Aliquots of total protein were subjected to immunoprecipitation using a polyclonal antibody against erbB-2, then immunoprecipitates were subjected to immunoblotting with antiphosphotyrosine (b and d, upper panels) as described in Materials and methods. Phosphotyrosine expression was determined in cell lines with constitutive overexpression of erbB-2 (SKBR3, H322, and H661) (b), erbB-2 transfectants (d), and T47D-puro and T47D-5R (d). Membranes were subsequently stripped and reblotted with antibody to detect erbB-2 with earlier reports Beerli et al., 1994) . While HRG induced erbB-2 tyrosine phosphorylation in T47D-puro cells, no phosphorylation was detected in T47D-5R cells (Figure 1d ).
Heregulin stimulates VEGF secretion independent of its mitogenic activity Figure 2a demonstrates the eect of HRG on the basal expression of VEGF in SKBR3, H322 and H661 cells, all of which constitutively overexpress erbB-2. VEGF stimulation by HRG was dose related (Figure 2a) . The maximum stimulation was observed on cells treated with 100 ng/ml HRG for 48 h. This condition was used for subsequent experiments. Figure 2b shows the mitogenic eect of HRG on the SKBR3, H322 and H661 cell lines. Treatment with HRG resulted in a dose-dependent stimulation of cell growth in H322, while a slight stimulation or no stimulation was observed in SKBR3 and H661 cells, respectively (Figure 2b ). The highest mitogenic activity was observed in the H322 cell line. Compared to 1 and 10 ng/ml HRG of medium, a concentration of 100 ng/ ml HRG induced a potent stimulation of proliferation. A concentration of 200 ng/ml HRG also stimulated proliferation of these cells, although no signi®cant dierence was observed compared to 100 ng/ml HRG (not shown). Figure 3a shows the eect of HRG on VEGF secretion in various erbB transfectant cell lines and in T47D-5R cells, where erbB-2 cell surface expression was abolished. Treatment with HRG resulted in approximately two-to over ®vefold increase in VEGF secretion in the control MCF7-neo22 and T47D-puro cells. In the absence of HRG, the basal level of VEGF was signi®cantly higher in the erbB-2 transfectants (MCF7-HER218 and B2BE6) compared to the control cell lines; upon treatment of the MCF7-HER218 and Figure 2 Mitogenic activity of heregulin and its eect on the secretion of VEGF in erbB-2 overexpressing cell lines. (a) Cell lines with constitutive overexpression of erbB-2 (SKBR3, H322, and H661) were serum starved for 24 h, then treated with increasing doses of HRG for 48 h. The level of VEGF in the supernatant was determined by the ELISA assay, and normalized to the amount of protein in the cell extracts. (b) Cells were serum-starved for 24 h, and then treated continuously with HRG for 96 h. Cell proliferation was determined by the MTT assay. The per cent cell growth was calculated in comparison to unstimulated cells. The dotted line on each graph indicates an arbitrary value of 100% growth assigned for control unstimulated cells. Values were calculated based on the average of at least ®ve independent experiments, each condition in quadruplicate. * Indicates a signi®cant dierence at P50.05, compared to unstimulated cells BT20-erbB2 transfectants with HRG, VEGF secretion was greatly enhanced. Interestingly, blockade of erbB-2 surface expression in T47D-5R cells led to decreases in the basal expression of VEGF and HRG-induced VEGF stimulation.
As shown in Figure 3b , HRG stimulated cellular proliferation in MCF7-and BT20-derived cells, although no signi®cant dierence was observed between erbB-2 transfectants and their respective neomycin-transfected controls. In B2BN1 and B2BE6 cells, HRG induced growth inhibition ( Figure 3b , lanes 5 and 6).
In primary normal human mammary (NHMEC) and bronchial (NHBEC) epithelial cells, HRG failed to induce VEGF secretion ( Figure 4a ). This was con®rmed in several primary cells established from dierent individuals (not shown). No mitogenic activity was seen following HRG treatment of NHMEC and NHBEC normal primary cells (Figure 4b ).
Heregulin-mediated enhancement of VEGF secretion leads to stimulation of endothelial cell proliferation and in vivo neovascularization
To examine the functional activity of the secreted VEGF, we have examined human umbilical vein epithelial cell (HUVEC) proliferation in the presence of conditioned media from HRG-stimulated cells. As shown in Figure 5 , no mitogenic activity was seen following HRG treatment of HUVEC cells ( Figure 5 , lane 3). However, recombinant hVEGF treatment signi®cantly induced HUVEC proliferation ( Figure 5 , Figure 3 Mitogenic activity of heregulin and its eect on the secretion of VEGF in transfected cell lines. (a) Cells stably transfected to overexpress erbB-2 (MCF7-HER218, BT20-erbB2, and B2BE6), cells with abolished erbB-2 cell surface expression (T47D-5R) and their control cell lines (MCF7-neo22, BT20-neo, B2BN1, and T47D-puro) were treated with 100 ng/ml HRG and analysis of VEGF secretion was performed as described in Figure 2 . (b) Cells were serum-starved for 24 h, and then treated continuously with HRG for 96 h. Cell proliferation was determined by the MTT assay. Note that only the per cent growth rates of HRG-treated cells are shown, in comparison to unstimulated cells assigned 100% (dotted line) lane 2). Compared to supernates from unstimulated cells, supernates from HRG-stimulated cancer cells induced HUVEC cell proliferation (Figure 5, lanes 5, 8, 11, 14 and 17) . Furthermore, addition of VEGF 165 neutralizing antibody Ab293A to the conditioned medium from HRG-stimulated cells prevented HU-VEC cell proliferation.
Consistent with the ELISA data in normal primary cells, which showed lack of VEGF induction following HRG treatment (Figure 4a ), conditioned media from primary normal mammary and bronchial epithelial cells failed to stimulate HUVEC endothelial cell proliferation ( Figure 5, lane 20) .
The involvement of HRG in mediating angiogenesis was assessed in vivo ( Figure 6 ) by implantation of a monolayer of MCF7-neo22 or MCF7-HER218 cells onto chick embryo chorioallantoic membrane (CAM). Implantation of CAMs for 7 days with HRG-treated cells resulted in a marked increase in vascularization ( Figure 6 , second and fourth panels), in comparison to unstimulated cells ( Figure 6 , ®rst and third panels). A dense vascular network following HRG stimulation was observed with both MCF7-neo22 and MCF7-HER218. It should be noted that unstimulated MCF7-HER218 cells shows more branched neovascularization compared to MCF7-neo22 controls, supporting our data regarding the paracrine stimulation of HUVEC cell growth.
Induction of VEGF gene expression by heregulin occurs at the mRNA level Figure 5 Eect of conditioned medium from untreated and HRG-treated cells on HUVEC cell proliferation. HUVEC cells were grown in a mixture of 30% conditioned medium and 70% regular serum-free medium. Conditioned medium was obtained from precon¯uent cultures of cancer cells, unstimulated or stimulated with 100 ng/ml HRG. HUVEC cells incubated with conditioned medium were kept undisturbed for an additional 72 h. When indicated, VEGF in the conditioned medium was neutralized using a polyclonal neutralizing antibody against human VEGF 165 or normal goat IgG as a negative control. Cell growth was examined using the MTT assay. Recombinant human VEGF 165 , at a concentration of 5 ng/ml, was used as a positive control. * Indicates a signi®cant dierence at P50.05, compared to unstimulated cells was also very high in the H322 cell line, which constitutively overexpresses the erbB-2 receptor. Measurement of mRNA stability over a period of 4 h did not reveal any signi®cant dierences in VEGF mRNA stability between unstimulated and HRG-stimulated MCF7-neo22 and MCF7-HER218 cells. In both cell lines, the half-life of VEGF mRNA was between 2 and 3 h (data not shown).
Discussion
Aberrant growth factor and growth factor receptor expression/function is a common feature in many cancers, often resulting in abnormal autocrine and paracrine regulation of cell growth (Cross and Dexter, 1991; Kumar and Mendelsohn, 1991) . The tyrosine kinase receptors of the erbB family are overexpressed and/or ampli®ed in several types of cancers including breast and lung carcinomas (reviewed in Dougall et al., 1994) . Several studies have reported that overexpression of members of the erbB family, particularly erbB-2, is a predictor of poor prognosis and shorter survival in the clinical setting (Dougall et al., 1994) .
While no speci®c ligand has yet been identi®ed for the erbB-2 receptor, the ligand for erbB-3 and erbB-4 receptors has been characterized as a group of peptides collectively referred to as heregulins, also known as neuregulins (NRG), neu dierentiation factors (NDF), and glial growth factors (Holmes et al., 1992; Chang et al., 1997; Carraway, et al., 1997) . Two families of heregulins, NRG1 and NRG2, are each subdivided into two major isoforms, a and b, based on their EGFR-like domains (Chang et al. 1997) . Heregulin b has a higher anity for erbB receptors than the a isoform (Tzahar et al., 1994) . Additionally, new members of the heregulin family, namely NRG3 and NRG4, have been identi®ed (Harari et al., 1999; Zhang et al., 1997) . Heregulins bind to erbB-3 and erbB-4 with low and high anity, respectively, and also interact with heterodimers between EGFR/erbB-3, EGFR/ erbB-4, erbB-2/erbB-3 and erbB-2/erbB-4 (reviewed in Riese and Stern, 1998; Alroy and Yarden, 1997) .
Although heregulin does not bind directly to erbB-2, it can activate erbB-2 via transmodulation and transphosphorylation through heterodimer formation with ligand-bound erbB-3 and erbB-4. This was re¯ected by enhanced erbB-2 phosphorylation upon heregulin treatment in most of the erbB-2-overexpressing cancer cell lines that we tested. The erbB-2 receptor has been shown to play an essential role in the activation of erbB signaling by heregulin. This is especially true for the kinase defective erbB-3, which is devoid of biochemical activity when expressed alone ; erbB-3 is activated through preferential heterodimer formation with erbB-2 (reviewed in Dougall et al., 1994; Riese and Stern, 1998; Alroy and Yarden, 1997) . Additionally, erbB-2 overexpression enhances the binding anities of heregulin Figure 6 HRG induces an angiogenic response in vivo. Chick embryos were monitored following implantation of the chorioallantoic membrane (CAM) with coverslips containing unstimulated cells (panels 1 and 3) or cells stimulated with 100 ng/ ml HRG (panels 2 and 4), as described in Materials and methods. Photographs of CAM angiogenesis in the region implanted with coverslips were taken at day 7 post-implantation. Note the extent of neovessel formation in HRG-treated cells Figure 7 Heregulin induces VEGF mRNA expression. (a) Total RNA from MCF cells was isolated at the indicated time points following treatment with 100 ng/ml HRG and used for Northern blot analysis of VEGF 165 mRNA. (b) Cells were treated with 100 ng/ml HRG and total RNA was isolated for 24 h posttreatment. RNA was analysed by Northern blotting using a 419 bp VEGF 165 -speci®c probe. Loading was controlled by staining the RNA gel with ethidium bromide and EGF to their receptors by diminishing the rates of ligand dissociation , and the abolishment of erbB-2 expression at the cell surface impairs ligand binding and erbB signaling (GrausPorta et al., 1995) . Consistently, the relatively low ligand binding anity of erbB-3 is augmented by coexpression of erbB-2 (Sliwkowski et al., 1994) . These observations led to the conclusion that EGFR, erbB-3, and erbB-4 receptors compete for interaction with erbB-2 to form heterodimers (Graus-Porta et al., 1997; Riese and Stern, 1998; Alroy and Yarden, 1997) .
This study provides evidence for the regulation of the angiogenic factor, VEGF, by heregulin. Using a panel of cancer cell lines, we demonstrate that stimulation of erbB receptors by heregulin signi®cantly enhances VEGF secretion, compared to unstimulated controls. Consistent with this ®nding, we show that conditioned media from heregulin-stimulated cells promotes the paracrine stimulation of HUVEC endothelial cells. HUVEC cell stimulation by conditioned medium can not be attributed to heregulin present in conditioned medium, since exposure of HUVEC cells to heregulin alone did not stimulate HUVEC proliferation. Furthermore, addition of speci®c anti-VEGF neutralizing antibody prevents the HUVEC cell stimulation by conditioned medium. Further evidence implicating heregulin-mediated regulation of angiogenesis was shown using the in vivo CAM assay. CAMs implanted with MCF7-neo22 or MCF7-HER218 cells stimulated with heregulin showed increased vascularization, compared to CAMs implanted with untreated cells.
We observed that the overexpression of erbB-2 enhances the basal expression of VEGF (in the absence of heregulin stimulation). Addition of heregulin further potentiates VEGF production in the erbB-2 transfectants, suggesting that the formation of heterodimers involving erbB-2 may play a role in VEGF regulation. This is supported by data obtained with T47D-5R, a cell line where the erbB-2 receptor surface expression was abolished. VEGF production in these T47D-5R cells was decreased compared to the T47D-puro control.
The role of tyrosine kinases in the regulation of angiogenesis is supported by earlier reports showing that tyrosine kinase inhibitors, such as genistein, inhibit transcriptional and post-transcriptional hypoxia-induced VEGF expression (Mukhopadhyay et al., 1995; Levy et al., 1996) . Since erbB-2 is (1) the preferred heterodimer partner of the three other members of erbB family; (2) essential for signal transmission by heregulin; and (3) enhances the binding anities of heregulin to its receptors, these mechanisms may all contribute to the enhanced VEGF secretion seen in our cell models. It is worth noting that loss of erbB-2 cell surface expression did not completely abolish VEGF secretion. This suggests that additional factors besides erbB-2 may mediate the response to heregulin. For example, interaction of heregulin with its cognate receptors (erbB-3 and erbB-4) with or without erbB-2 as a dimer partner or the relative levels of expression of the other members of the erbB family members could aect VEGF expression.
Treatment with heregulin induced the secretion of VEGF in most cancer cell lines tested, while heregulininduced mitogenesis was cell-type dependent. For example, heregulin has only a minor or no eect on SKBR3, H661, B2BN1 and B2BE6 cell proliferation, while the same dose resulted in a substantial induction of VEGF secretion. These observations suggest that heregulin-induced mitogenic activity and heregulininduced VEGF secretion act through distinct mechanisms; the increased VEGF secretion is not merely the consequence of cell proliferation. This hypothesis is supported by earlier studies showing that angiogenesis is independent of tumor cell proliferation (Holmgren et al., 1995) and that several cell cycle-related genes (p21, p16 and p27) were either unaected or decreased in VEGF-treated cells (Watanabe et al., 1997; Brown et al., 1997) . In human normal non-immortalized primary cells, which express very low to undetectable levels of the erbB receptors (not shown), heregulin failed to stimulate cell proliferation and VEGF secretion, suggesting that heregulin-mediated VEGF secretion is associated with a neoplastic phenotype. Indeed, transforming oncogenes and tumor promoters such as v-ras and v-raf (Grugel et al., 1995) , mutant ras (Rak et al., 1995) , and phorbol myristate-12,13-acetate (PMA) (Enholm et al., 1997) have been shown to induce VEGF expression.
Regulation of VEGF occurs partly at the transcriptional level and mostly at the post-transcriptional level (Shweiki et al., 1992; Stein et al., 1995; Levy et al., 1996) . The half-life of VEGF was reported to be approximately 40 min under normoxic conditions, which increased to approximately 110 min under hypoxic conditions (Levy et al., 1996) . Under our conditions, the increased levels of VEGF mRNA following stimulation by heregulin can not be explained by a change in mRNA stability. The halflife was not signi®cantly aected between unstimulated and heregulin-stimulated cells (not shown).
Several erbB-coupled signaling pathways including the src/raf/MAPK pathway (reviewed in Dougall et al., 1994) mediate VEGF regulation by hypoxia (Rak et al., 2000; Arbiser et al., 1997; Milanini et al., 1998; Mukhopadhyay et al., 1995) . We and others have shown that the ras pathway plays an important role in erbB signaling (Ben- Levy et al., 1994; Yen et al., 1997) , and that heregulin-induced mitogenesis involves the activation of MAPK (Marte et al., 1995) . VEGF mRNA expression has been shown to be upregulated by the ras oncoprotein (Feldkamp et al., 1999; Arbiser et al., 1997; Rak et al., 1995) . Additionally, inhibitors of ras function such as dominant negative ras mutants (Feldkamp et al., 1999) , farnesyl-transferase inhibitors (Feldkamp et al., 1999) and lovastatin (Feleszko et al., 1999) are able to suppress VEGF production in rasoverexpressing or ras-transformed cells. Furthermore, inhibition of PI3-K (which has been shown to play an important role in erbB signaling, particularly with respect to erbB-3/erbB-2 heterodimers) led to inhibition of VEGF expression and angiogenesis (Rak et al., 2000; Arbiser et al., 1997) . Taken together, these observations suggest that VEGF and erbB receptors share similar signaling pathways, which may also account for the biological eect of heregulin on the regulation of VEGF. Further studies will determine the role of heregulin signaling through erbB receptors on the regulation of VEGF in cancer cells.
In summary, this study supports cooperation between members of the erbB family of tyrosine kinase Regulation of VEGF by heregulin b1 L Yen et al receptors in the paracrine regulation of angiogenesis and emphasizes the contribution of erbB-2 heterodimers to this regulation. Our results suggest that this upregulation of angiogenesis may contribute to the poor prognosis and enhanced metastatic potential observed in the clinical setting in patients with erbBoverexpressing cancers.
Materials and methods

Cell lines and cell culture
The cell lines used in this study include the human breast adenocarcinomas: MCF7, SKBR3, T47D and BT20, and the Non-Small Cell Lung Cancer (NSCLC) cell lines H322 (bronchioalveolar carcinoma) and H661 (Large cell carcinoma). These cells were obtained from the American Type Culture Collection (ATCC). The MCF7 clones stably transfected with erbB-2 (MCF7-HER218) and its neomycin control (MCF7-neo22) (Benz et al., 1993) were a generous gift from Dr C Kent Osborne. The Simian virus 40 large Tantigen immortalized human bronchial cells transfected with the neomycin gene (B2BN1) or the wild type human erbB-2 gene (B2BE6) were kindly provided by Dr Brenda I Gerwin (Noguchi et al., 1993) . The T47D-5R subline stably expressing a gene encoding a single chain antibody that speci®cally abolishes erbB-2 expression on the cell surface and the control T47D-puromycin were described earlier (Jannot et al., 1996) . Cancer cells were maintained in the appropriate media (Mediatech, Washington, DC, USA) described by the ATCC supplemented with 10% fetal bovine serum and penicillin-streptomycin antibiotics. Normal human primary mammary (NHMEC) and bronchial (NHBEC) epithelial cells, and human umbilical vein endothelial cells (HUVEC) were obtained from Clonetics Corp. NHMEC and NHBEC cells were maintained in medium supplied by the manufacturer (BEGM CC-3170 and MEGM CC-3150 BulletKits, Clonetics, Walkersville, MD, USA). HUVEC cells were maintained in M199 medium supplemented with 2 mM L-glutamine, 10% fetal bovine serum (HyClone Laboratories, Logan, UT, USA), 90 mg/ml heparin sulfate (Sigma, St. Louis, MO, USA), and 20 mg/ml endothelial cell growth supplement (Collaborative Biomedical Products, Bedford, MA, USA), 100 mg/ml penicillin and 100 mg/ml streptomycin. All cells were maintained in an atmosphere of 5% CO 2 .
Stable expression of human erbB-2 BT20 cells were seeded at a density of 3610 5 cells per well in 6-well culture plates and left to grow until 75% con¯uence. Cells were then transfected with 8 mg LipofectAMINE (GIBCO-BRL, Rockville, MD, USA) and 2 mg of either the erbB-2 expression construct, pEV7-HER2, or the pEV7 neomycin control (Zhang et al., 1996) according to manufacturer's instructions. Forty-eight hours after transfection, cells were split into 150 mm dishes and selected with 75 mg/ml neomycin (G418-sulfate, Mediatech). Following 3 weeks of selection, individual clones were collected using cloning rings.
Cell proliferation assay
Exponentially growing cells (1 ± 3610 3 cells per 100 ml) were seeded in 96-well plates and incubated for 16 h. Next, cells were starved for 24 h in serum-free medium, then treated continuously with heregulin b1 (HRG) (Neomarkers, Freemont, CA, USA). Cell proliferation was evaluated 96 h later, using the 3-(4,5-dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as previously described (You et al., 1998) . Data are expressed as per cent cell growth in comparison to untreated cells.
Western blot and immunoprecipitation analysis
Cells at 60 ± 70% con¯uence were starved for 24 h in serumfree medium, and then treated with HRG for 5 ± 10 min when indicated. Cells were collected, washed twice in cold PBS, and then lysed directly using lysis buer (1% Triton X-100, 10 mM Tris-HCl pH 8.0, 60 mM KCl, 1 mM EDTA, 1 mM DTT, 0.5% NP-40, 0.5 mM phenylmethylsulfonyl¯uoride, 10 mg/ml leupeptin, 10 mg/ml pepstatin, and 10 mg/ml aprotinin, 1 mM sodium orthovanadate). Cell lysates were incubated on ice for 30 min and the supernatant was collected after 13 000 g centrifugation at 48C for 10 min. Protein lysates were resolved by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose (Costar, Cambridge, MA, USA), blocked overnight in PBS containing 3% dried milk, then incubated with monoclonal antibody against erbB-2 (Ab-3, clone 3B5; Oncogene Research Products, Cambridge, MA, USA). Enhanced chemiluminescence detection was performed using ECL detection reagents (Amersham-Pharmacia, Piscataway, NJ, USA). Blots were subsequently stripped in 100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl pH 6.7, 508C for 30 min, and immunoblotted with monoclonal anti-GAPDH antibody (clone 6C5, Cedarlane Laboratories, Hornby, ON, Canada).
For immunoprecipitation, 200 mg of protein were immunoprecipitated with a polyclonal anti-erbB-2 (clone C-18, Santa Cruz Biotechnology, Santa Cruz, CA, USA), as previously described (You et al., 1998) . Samples were then loaded onto a 7.5% SDS-polyacrylamide gel, transferred to nitrocellulose (Costar), blocked, then incubated with antibody against erbB-2 (Ab-3, clone 3B5; Oncogene Research), or phosphotyrosine (4G10, Upstate Biotechnology Inc., Lake Placid, NY, USA). Detection was performed as described above for Western blotting.
Measurement of VEGF by ELISA
Cells were seeded at a concentration of 5610 3 per well using 96-well plates, and kept undisturbed until 70% con¯uence. Next, cells were starved for 24 h in serum-free medium, then treated with HRG in serum-free medium for 48 h. This condition was based on preliminary experiments indicating that VEGF expression was maximal at 48 h, compared to 6 and 24 h, and remained at that plateau thereafter. The supernates were collected and VEGF 165 expression was determined using the Quantakine human VEGF Immunoassay kit (R&D Systems, Minneapolis, MN, USA). VEGF values were normalized to total protein concentration in each well. For calibration, we used human recombinant VEGF 165 provided by the supplier to construct a standard curve and to obtain absolute values of VEGF protein content.
Paracrine stimulation of endothelial HUVEC cell growth HUVEC cells were seeded at a density of 3000 per well, in 96-well plates, with regular complete medium. Twenty-four hours later, medium was replaced with a mixture of 30% conditioned medium and 70% regular serum-free medium. Conditioned medium was obtained from precon¯uent cultures of cancer cells, unstimulated or stimulated with 100 ng/ml HRG. Medium was centrifuged at 3000 g at 48C, and used immediately or stored at 7808C until use. HUVEC cells incubated with conditioned medium were kept undisturbed for an additional 96 h. When indicated, VEGF in the conditioned medium was neutralized using a polyclonal neutralizing antibody against human VEGF 165 (MAb293A, R&D Systems) or normal goat IgG (10 mg/ml, R&D Systems) as a negative control. Cell proliferation was examined using the MTT assay as described above. Cell proliferation was expressed as per cent of cell growth in comparison with controls. Control experiments were conducted in parallel to examine the eect of HRG on HUVEC cell growth. In this case, HRG was added directly to a mixture of 30% control conditioned medium and 70% of serum-free HUVEC medium. Human recombinant VEGF 165 dissolved in PBS, at a concentration of 5 ng/ml, was used as a positive control for HUVEC stimulation.
Chick embryo chorioallantoic membrane (CAM)-angiogenesis assay
The CAM angiogenesis assay was performed as essentially described with modi®cations (Al Moustafa et al., 1988; Brooks et al., 1995) . Brie¯y, CAM of 3.5 day-old fertilized white Leghorn chicken embryos were used. Cells were seeded onto 13 mm round glass coverslips at a density of 1610 5 cells per well in 6-well plates. When the cells reached 80% con¯uence, the cells were incubated with fresh media for 2 h then the coverslips were washed twice with PBS and deposited on the CAM. For heregulin stimulation, 100 ng/ ml heregulin was added 1 h prior to washing and implantation. A round window was opened in the shell of the egg and coverslips were deposited on the CAM, with the cells in direct contact with the surface of the CAM. CAMs were examined daily for 7 days following implantation, when the angiogenic response peaked, then photographed in ovo with an Olympus SZH phase contrast microscope.
Northern blot analysis
Cells at 70% con¯uence were starved for 24 h in serum-free medium, then treated with 100 ng/ml HRG for the time points indicated. Cells were lysed directly and RNA was extracted using RNA-Plus reagent (Quantum Biotech, Montreal, QC, Canada). Twenty-®ve micrograms of total RNA were resolved by electrophoresis through a 1% denaturing formaldehyde gel, then transferred to Zeta-probe membrane (Bio-Rad, Hercules, CA, USA). Equal loading of RNA in each lane was evaluated by ethidium bromide staining prior to transfer. Probes were prepared as follows: cDNA from H661 RNA was prepared by reverse transcription (Superscript Preampli®cation System for FirstStrand cDNA synthesis, Gibco-BRL), then subjected to PCR ampli®cation using paired forward and reverse primers for VEGF 165 (5'-GCAGCTACTGCCATCCAATCG-3' and 5'-TGTCACATCTGCAAGTACGTTCG-3'). The corresponding ampli®ed products were agarose gel-puri®ed, then 32 Plabeled (Oligolabeling kit, Amersham-Pharmacia). Membranes were hybridized overnight with probe at 428C, then autoradiographed.
Statistical analysis
The two-tailed Student's t-test was used to compare VEGF secretion between transfectants and controls, in the absence and presence of HRG. Values with P40.05 were considered signi®cant.
